The 3D-QSAR study of 2-arylbenzoxazoles as novel cholesteryl ester transfer protein inhibitors was performed by comparative molecular field analysis (CoMFA), CoMFA region focusing (CoMFA-RF) for optimizing the region for the final PLS analysis, and comparative molecular similarity indices analysis (CoMSIA) methods to determine the factors required for the activity of these compounds. The best orientation was searched by all-orientation search strategy using AOS, to minimize the effect of the initial orientation of the structures. The predictive ability of CoMFA-RF and CoMSIA were determined using a test set of twelve compounds giving predictive correlation coefficients of 0.886, and 0.754 respectively indicating good predictive power. Further, the robustness and sensitivity to chance correlation of the models were verified by bootstrapping and progressive scrambling analyses respectively. Based upon the information derived from CoMFA(RF) and CoMSIA, identified some key features that may be used to design new inhibitors for cholesteryl ester transfer protein.
Introduction
Atherosclerosis describes the principal progression in arterial dysfunction and remodeling that restricts blood flow to vessels in the peripheral vasculature and is ultimately manifested as coronary artery disease (CAD) [1] [2] [3] [4] [5] to date, the role of cholesteryl ester transfer protein (CETP) in coronary heart disease (CHD) is still not fully understood. Several epidemiological studies have demonstrated an inverse correlation between levels of high density lipoprotein (HDL) and the incidence of atherosclerotic cardiovascular disease i.e. plasma HDL is a negative risk factor for atherosclerosis. CETP 6 is a hydrophobic glycoprotein which mediates the transfer and exchange of cholesteryl ester (CE) and triglycerides (TG) between plasma lipoproteins and plays an important role in HDL-CE and apolipoprotein a catabolism. It mediates transfer of neutral lipids between lipoproteins. 7 CETP also promotes reverse cholestrol transport (RCT) by which peripheral cell cholestrol can be returned to liver for catabolism. Although the role of CETP in the development of atherosclerosis is controversial, CETP has been widely considered as a therapeutic target as human CETP deficiency result in markedly elevated HDL levels. Evidence exists that the consequences of CETP activity may depend on the metabolic setting, particularly on triglyceride levels. Accordingly, pharmacological CETP inhibition may reduce the risk of CAD in humans, but only in those with high triglyceride levels. 8 The primary aim of 3D-QSAR methods is to establish a correlation of biological activities of a series of structurally and biologically characterized compounds with the spatial fingerprints of numerous field properties of each molecule, such as steric demand, lipophilicity, and electrostatic interactions. Typically, a 3D-QSAR analysis allows the identification of the pharmacophoric arrangement of molecular features in space and provides guidelines for the design of next-generation compounds with enhanced bioactivity or selectivity. The first applicable 3D-QSAR method was proposed by Cramer et al. in 1988 9 . His program, CoMFA, was a major breakthrough in the field of 3D-QSAR.
The CoMFA approach describes the molecular properties by 3D steric (Lennard-Jones) and electrostatic (Coulomb) fields, evaluated over a lattice of points. Partial least-squares (PLS) method is used in order to correlate the variation of these properties with the variation of the biological response 9 . Unlike CoMFA, CoMSIA uses a Gaussian-type distance-dependent function to assess five fields of different physicochemical properties (i.e., steric, electrostatic, hydrophobic, and hydrogen bonding donor and acceptor). Similarly to the CoMFA, the fields are evaluated by PLS analysis. The advantage of CoMSIA over CoMFA method, is that no singularities occur at the atomic positions, since the fields are evaluated using a Gaussian function, and therefore, no arbitrary definitions of cutoff limits should be used. 10 Herein, we present a 3D-QSAR study to investigate the correlation of 2-arylbenzoxazoles derivatives with the inhibition of CETP by employing comparative molecular field analysis (CoMFA), and comparative molecular similarity indices analysis (CoMSIA).
Materials and Methods
Data Set. 3D QSAR studies were performed on a series of 50 2-arylbenzoxazoles as CETP inhibitors, to which the IC50 values were collected from published data. 11 The activity (IC 50 ) values of some molecules were qualitatively (i.e. they have not exact quantities for activities) higher than 10 and some others higher than 32 µM, these molecules were removed from the data set. For the QSAR analysis the IC 50 (µM) values were taken in molar range and were expressed in negative logarithmic Table 1 .
Molecular Modeling and Alignment. The QSAR modeling analysis, calculations, and visualizations were performed using the SYBYL 7.3 molecular modeling package (Tripose Inc., St. Louis, USA) running on a Red Hat Linux workstation 4.7. The 3D structures of the 2-arylbenzoxazole derivatives were constructed using the standard tools available in the SYBYL package. Energy minimization was performed using the Tripos force field with a distance dependent dielectric and the Powell conjugate gradient algorithm with a convergence criterion of 0.01 kcal/mol Å. Partial atomic charges were calculated using the Gasteiger-Hückel method.
The set of inhibitors was divided in to a training and test set. The test set compounds were selected by considering both the distribution of biological data and structural diversity (Table 1) . It can be seen that except the highest and lowest-activity compounds were included in the training set, the activity of test set is similar to that of the training set. 38 of inhibitors were used as the training set and 12 for the test set.
The accuracy of the prediction of CoMFA and CoMSIA dependent strongly on the structural alignment of the molecules. In this study molecular alignment was performed with the Distill alignment method. The common structure and aligned compounds are displayed in Fig. 2 (a) and (b), respectively. The lowest energy conformer of compound 50 was used as the template for superposition, assuming that it is the most active compound in the set and rest of the molecules were aligned on it. The common fragment produced by Distill program (without includeing bond types in rings) in SYBYL 7.3 was selected for rigid automatic alignment.
Since CoMFA models are highly sensitive to the different space orientations of the molecular aggregate with respect to the lattice, for training set all-orientation search (AOS) was also conducted using the rotation procedure written in SYBYL programming language (SPL) 12 ( Fig. 1 ). For each orientation of the molecular aggregate, a conventional CoMFA was performed to obtain the optimal model.
CoMFA and CoMFA-RF. After consistently aligning the molecules within the lattice that extended 4 Å units beyond the align molecules in all directions, a probe sp 3 carbon atom with +1 charge was employed and steric and electrostatic interactions between the probe and molecules were calculated. Electrostatic interactions were modeled using a coulomb potential and van der Waals interactions using a Lennard-Jones potential. By sampling the steric and electrostatic fields surrounding a set of such molecules and correlated differences in these fields, a QSAR can be developed. To investigate the influence of different parameter settings on CoMFA, various steric and electrostatic cutoff and grid spacing values were also tried as suggested by Crammer et al 9 . Also important information could be lost when the grid spacing was too large or the probes were inadequately described.
CoMFA standard scaling applies the same weight to data from each lattice point in any given field. Region focusing is an iterative procedure which refines a model by increasing the weights for those lattice points which are most pertinent to the model. This enhances the resolution and predictive power (q 2 ; cross validated r 2 ) of a subsequent PLS analysis. Technically, this corresponds to rotating the model components through a high-order space.
13 PLS region focusing is intellectually analogous to the GOLPE approach and q 2 -GRS 14, 15 CoMSIA. In CoMSIA, the steric, electrostatic, hydrophobic, and hydrogen bond donor and acceptor descriptors were calculated at each lattice intersection of a regularly place grid of 1 and 2 Å. A probe atom with radius 1 Å, charge +1, and hydrophobicity +1 was used to calculate the respective fields. The attenuation factor (α) was set to 0.3. CoMSIA similarity indices A q F,k (j) for a molecule j with atoms i at grid point q are calculated by Eq.1 (1) in Eq.1 A is the similarity index at grid point q, summed over all atoms i of the molecule j; w probe,k is the probe atom with radius 1.0 Å, charge +1, hydrophobicity +1, hydrogen bond donating +1, hydrogen bond accepting +1;Wik is the actual value of the physicochemical property k of atom i; r iq is the mutual distance between the probe atom at grid point q and atom i of the test molecule. A Gaussian type distance dependence function was used between the grid poin q and each atom i of the molecule.
Regression Analysis and Scrambling. To derive 3D QSAR models, the CoMFA and CoMSIA descriptors were used as independent variables and pIC 50 activity value as a dependent variable. Partial least square (PLS) regression analysis was conducted in the SYBYL 7.3 package. The predictive ability of the models was evaluated by leave one out (LOO) cross-validation. The cross validated correlation coefficient, q 2 , was calculated using Eqs. 2 and 3.
(2) (3) where y i is the activity for training set compounds, y m is the mean observed value corresponding to the mean of the values for each cross validation group, and y Pred,i is the predicted activity for y i .
The progressive scrambling method was carried out for the evaluation of the sensitivity of the 3D-QSAR model to chance correlations. The progressive scrambling analysis with the parameters; maximum: 8 bins, minimum: 2 bins and critical point: 0.85 were performed. Progressive scrambling with 2 -6 components (latent variables) of the arylbenzoxazoles data produces three statistical data, the predictivity (q 2 ) of the model, the calculated cross-validated standard error (cSDEP) and the sensitivity to perturbation (d q 2' /dr 2 yy' ). As a final method of validation of the derived models, pIC 50 of 12 compounds, as external test set, were predicted using models derived from the training set. The predictive ability of the models is expressed by the predictive r 2 value and is calculated using the formula Eq. 4 (4) where SD is the sum of squared deviations between the biological activity of the test set and the mean activity of training set molecules, and PRESS is the sum of squared deviation between the actual and the predicted activities of the test set.
Results
CoMFA and CoMFA-RF Studies. The results of CoMFA studies are summarized in Table 2 . The best model of all orientation search procedure was picked up, then the effect of To evaluate of the sensitivity of the optimized CoMFA model to chance correlations, the leave-one-out (LOO) cross-validation and progressive scrambling analyses were performed by models having 2 -6 components (latent variables). The complete details of the progressive scrambling can be find in the reference. 16 In this approach, small random perturbations are introduced into a data set and the statistical results, the perturbation prediction /dr 2 yy' ), are summarized in Table 3 . Specifically, in case of five components, the sensitivity to the perturbation d q 2' /dr 2 yy' = 0.994 and the prediction q 2 = 0.487 produced by a progressive scrambling analyses were not dependent on chance correlation. Therefore, the data suggested that 5 components were optimal because a number of PLS components yielding a d q 2' /dr 2 yy' slope near unity should be optimal.
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CoMSIA Study. The CoMSIA analysis was done at a grid spacing 1, and 2 Å, and the effect of column filtering was tested with the combination of five fields. The CoMSIA method defines explicit hydrophobic (H) and hydrogen bond donor (D) and acceptor (A) descriptors in addition to the steric (S) and electrostatic (E) fields in CoMFA. To select the optimal result, we systematically changed the combination of fields. The high- The blue region near C5 and C7 position of phenyl ring of benzoxazole indicates that biological activity will be decreased by electronegative group at the above-mentioned positions. Exactly, the inhibitory activity of compounds 9 (substituted by Br), 8(Cl), 7(-CF3), and 2(-OCF3) are varied in order; 9 > 8 > 7 > 2. The biological activity of compound 18 with having electronegative substituent at this position is less than compounds 17, 19, and 20, or compound 3 with more electronegative property shows a lower activity than compounds 5 and 6.
The yellow region near the 5th and 6th substitution of phenyl ring of benzoxazole group suggests biological activity can be decreased by introduction of bulky groups at this position so the order of inhibitory activities of compounds 11, 4, 1 is changed as; 11 > 1 > 4. Also the sterically unfavored yellow region around C5 position of benzoxazole led to lower activity of compounds 2 -6 in comparison compounds 22 -24.
Green and yellow regions are located at the 2nd and 3rd position of phenyl ring (A), respectively. Sterically favorable green polyhedral indicating that substitution of hydrogen by bulkier group like (-CF3) increase the activity, or compound 30 with bulky group at this position have higher activity than compound 22. But the activity of compounds 23 and 25 is higher than compounds 27, 32 and 34 or replacing bulky group (-COOCH 3 ) in compounds 43 and 49 with methyl group in compounds 50 and 44 can increase the activity, because yellow region surrounded the substitute at C3 of ring A.
CoMSIA Contour Maps. The CoMSIA steric and electrosta-tic field contour maps ( Fig. 6(a) The term hydrophobicity refers to the force or corresponding energy that operates between two or more non polar solutes in water and arises from dispersive and electrostatic forces and the consequent entropic factor. A hydrophobic substance is soluble in non polar solvents but only sparingly soluble in water. In CoMSIA study, hydrophobic similarity index fields are constructed. The contour maps of hydrophobic and hydrogen bond acceptor fields are shown in Fig. 6(c) and (d) . The yellow and white contours depict hydrophobic and hydrophilic favored regions, and magenta and red contours show favorable and unfavorable hydrogen bond acceptor groups, respectively. Compound 50 is served as reference molecule. The magenta contour near 5th substitution of phenyl ring of benzoxazole group suggests biological activity can be increased by introduction of hydrogen bond acceptor groups at this position, as a result the activity of compounds 10 and 11 with hydrogen bond acceptor groups such as NO2, CN is greater than 8 and 9 or the inhibitory activity of compounds 4 -6 are changed in the order; 6 > 5 > 4. In compounds 45 -50, appearance of CN at this position led to higher activity, because these positions are surrounded by white region. Also there is a white region in 3rd substituent of ring A that the activity can be increased by introducing hydrophilic groups, for example 25 > 27, and 46 > 45. The appearance a yellow region in 4 th position of this ring indicates why compound 39 is more potent than compound 38.
Conclusions
CoMFA region focusing analysis using Distill alignment employing 12 molecules in test set provided the best model whereas the model with steric, electrostatic, hydrophobic, and hydrogen bond acceptor fields gave the best result in the case of CoMSIA analysis. To minimize the effect of the initial orientation of the structures, all-orientation search (AOS) was also conducted to CoMFA model using the rotation procedure. In general the CoMFA models are statistically superior to CoMSIA models. The CoMSIA steric and electrostatic field maps are in accordance with field distribution of CoMFA maps and consistent with structure-activity relationships. A high bootstrapped r 2 values for CoMFA and CoMSIA models with small standard deviation assessed the statistical confidence limits and the robustness of the model. Also presence of chance correlation was checked with progressive scrambling. It has successfully identified the significance of various structural elements in 2-arylbenzoxazoles as novel cholesteryl ester transfer protein inhibitors possible to predict the ligand activities of newly designed inhibitors.
